ABSTRACT The crystallinity of polycrystalline germanium (poly-Ge) films were demonstrated through continuous-wave laser crystallization (CLC) with Gaussian-distribution beam profile. The different grain sizes of CLC poly-Ge were observed in their three crystallization regions, which were 2 μm, 680 nm, and 90 nm for the central, transition, and edge regions, respectively. Furthermore, the relation between crystallinity and carrier types in these three regions of counter-doped CLC poly-Ge films were investigated. In the central and transition regions, the CLC poly-Ge films with relatively low hole concentration were easily converted to n-type poly-Ge films through a counter-doping process. In contrast, the edge region with poor crystallinity exhibited p-type behavior due to high defect-generated hole concentration. According to these material properties of counter-doped CLC poly-Ge films, the corresponding transfer characteristics of p-channel poly-Ge thin-film transistor for three crystallization regions were further investigated. Subsequently, high-performance p-channel poly-Ge thin-film transistors in the central region exhibited a superior field-effect mobility of 792.2 cm 2 /V-s.
I. INTRODUCTION
The development of ultra-large-scale integration (ULSI) circuits is currently reaching its limit owing to the difficulty in scaling Si complementary metal-oxide-semiconductor devices with the feature size in the deep sub-micrometer regime and the serious interconnect limits that have become critical factors degrading the overall performance of ULSIs [1] , [2] . In order to conquer these issues, highmobility channel materials and three-dimensional integrated circuits (3D ICs) have attracted much attention and been widely investigated for future devices and circuit architecture [2] . As for the next-generation device architecture, germanium (Ge) is widely considered to be one of attractive channel materials for next-generation device architectures because of its higher carrier mobility than Si [3] - [8] . Furthermore, Ge-based devices can typically be fabricated with a lower process temperature than for Si-based devices [9] , [10] . This feature makes the Ge-on-insulator (GeOI) device platform, including GeOI field-effect transistors and polycrystalline Ge (poly-Ge) thinfilm transistors (TFTs), capable of realizing monolithic 3D ICs [11] - [14] .
Thus, many technologies have been proposed to produce high-quality poly-Ge films on insulators in order to improve the performance of poly-Ge TFTs. These technologies include solid phase crystallization (SPC) [15] , [16] , metalinduced crystallization (MIC) [17] , [18] , metal-induced lateral crystallization (MILC) [10] , [19] , lateral liquid-phase epitaxy (LLPE) [20] , [21] , epitaxial growth with seed layer [22] , excimer laser crystallization (ELC) [23] , [24] , and continuous-wave laser crystallization (CLC) [25] , [26] . Unfortunately, SPC requires a long process time for sufficient annealing while the resultant film quality is poor. MIC and MILC need a long process time for sufficient annealing as well and might encounter the issue of metal contamination that degrade the film quality. LLPE requires a very high process temperature (i.e., typically higher than 900 • C); thus, they are not suitable for future applications in 3D device integration. The epitaxial growth technique can achieve the single-crystal-like Ge layer on the (111)-oriented CeO 2 as seed layer by plasma-enhanced chemical vapor deposition (PECVD) with relatively high temperature at 550 • C. ELC method can attain poly-Ge with large grain size at room temperature; however, this technique suffers from instability of shot-to-shot laser energy, which leads to Ge grains uniformity problem. In contrast, CLC has been reported to produce the largest poly-Ge grains by a simple laser-scanning at room temperature. However, most poly-Ge films that have not gone through any doping process exhibit p-type behavior with a high electrical conductivity due to the high concentrations of holes generated from defects in poly-Ge films [27] - [29] . This tends to cause poor electrical properties with undesirably high leakage current for p-channel poly-Ge TFTs [29] , [30] . Thus, it must be demonstrated that the concentration of defectgenerated holes can be effectively reduced by improving the crystallinity of CLC poly-Ge film. A poly-Ge film with a low hole concentration can easily be converted to an n-type poly-Ge film through counter-doping (CD); this n-type film can then be used for realizing p-channel poly-Ge TFTs.
However, no studies have been reported concerning the relation between crystallinity and carrier types in counter-doped CLC poly-Ge films and the resulting transfer characteristics of p-channel poly-Ge TFTs. Therefore, the material properties of CLC poly-Ge films doped with CD were investigated in this work. Then, p-channel poly-Ge TFTs were fabricated using single-scan continuouswave (CW) laser and CD with a suitable dose for characterization. Subsequently, the dependence of crystallinity on electrical characteristics of p-channel poly-Ge TFTs were further investigated. Fig. 1 illustrates the use of a single-scan CW laser and CD for key fabrication processes of p-channel poly-Ge TFTs. First, Si wafers with 6-µm-thick thermal oxide layers were used as substrates. On each wafer, a 200-nm-thick as-deposited Ge film was deposited by a high-density plasma chemical vapor deposition system at 400 • C. Subsequently, a 50-nm-thick tetraethyl orthosilicate (TEOS) capping layer was deposited through PECVD. Afterwards, CLC was performed using a single-scan CW laser with a wavelength of 532 nm at room temperature in air, as shown in Fig. 1(a) . The laser power and scanning speed were 6.8 W and 30 mm/s, respectively. The spot dimensions of the CW laser were 250 µm on the long axis and 180 µm on the short axis with a Gaussian-distribution beam profile. After CLC, the capping layer was removed by buffered oxide etching and capped again with a 10-nm-thick TEOS oxide layer deposited through PECVD. Phosphorus ion implantation at 80 keV with a dose of 1 × 10 13 cm −2 was utilized for the CD process to convert p-type poly-Ge films to n-type films, as shown in Fig. 1(b) . These n-type films can then be used for realizing p-channel poly-Ge TFTs. CD dopants were activated by furnace annealing at 500 • C for 2 h in N 2 ambience. After the removal of the capping oxide, the active region was defined by reactive ion etching (RIE). Following deposition of a 10-nm-thick TEOS capping layer, the source and drain regions were defined by boron ion implantation at 50 keV with a dose of 5 × 10 15 cm −2 . S/D dopants were then activated by rapid thermal annealing at 500 • C for 60 s in N 2 ambience. After removal of the TEOS capping layer, a 50-nm-thick TEOS gate insulator was formed through PECVD, followed by the deposition of a 300-nm-thick Al-Si-Cu gate electrode using a sputtering system. The gate region was then defined by RIE, followed by the deposition of a 500-nm-thick TEOS passivation layer. Finally, contact hole opening and metallization were performed to complete the p-channel poly-Ge TFTs with channel width (W) of 1.0 µm and channel length (L) of 1.0 µm, as illustrated in Fig. 1(c) . In addition, the cross-sectional transmission electron microscopy (TEM) image indicated that the effective channel width (W eff ) of the p-channel poly-Ge TFTs were approximately 1.4 µm (= W + 0.2 µm × 2 due to the two sidewalls of the tri-gate scheme channel), as illustrated in Fig. 1(d) . 
II. DEVICE FABRICATION

III. RESULTS AND DISCUSSION
Fig. 2(a) presents a dark-field optical microscopy (OM)
image of the CLC poly-Ge film through a single-scan CW laser with a Gaussian-distribution beam profile. According to the appearance of this dark-field OM image, the CLC polyGe film can be divided into three crystallization regions: the central, transition, and edge regions. To investigate the crystallinity and grain structure of CLC poly-Ge film, the top-view scanning electron microscopy (SEM) images of the secco-etched CLC poly-Ge film corresponding to the central, transition, and edge regions are shown in Figs. 2(b)-2(d), respectively. The grain sizes of the CLC poly-Ge film in the central, transition, and edge regions were approximately 2 µm, 680 nm, and 90 nm, respectively. To further investigate the formation of grain structure in three crystallization regions, Fig. 3 displays a schematic of the crystallization conditions for three crystallization regions irradiated by a single-scan CW laser with a Gaussian-distribution beam profile. In the central region, the high laser energy was sufficient to induce full melting of as-deposited Ge. Then, the pre-melted Ge (i.e., past scanning region) which has been solidified acted as the seeds and started to crystallize the as-deposited Ge from the solidified seeds to the current melting Ge. The crystallization direction was consistent with the laser-scanning direction due to the strong thermal gradient from current melting region to the solidified region [26] . Thus, the longitudinal grains along laser-scanning direction with grain width of 2 µm can be obtained in the central region. In the transition region, the medium laser energy can induce Ge melting initially from the surface but was insufficient to melt whole Ge film. Therefore, the un-melted solid Ge layer remains under the molten Ge region. In addition, the medium laser energy was not enough to generate a strong thermal gradient along laser-scanning direction. This means that the crystallization direction does not have any tendency in the in-plane direction. Thus, vertical Ge solidification was seeded from the un-melted solid Ge and proceeded toward the Ge film surface with competitive selection and widening of favored grains [25] . This led to the formation of polygonal grains that were hundreds of nanometers wide. In the edge region, the as-deposited Ge films were not melted through low laser energy, and the solid Ge crystallized through the SPC mechanism [16] . Thus, the edge region had small grains that typically measured only tens of nanometers wide. Fig. 4(a) shows an atomic force microscopy (AFM) image of the counter-doped CLC poly-Ge film for the central, transition, and edge regions. The AFM image shows that the morphology of the CLC poly-Ge film was consistent with the appearance of the dark-field OM and SEM images (Figs. 2(a)-2(d) ). The grain shapes of the CLC poly-Ge film in the central, transition, and edge regions changed from large elongated shapes to medium and small polygonal shapes, respectively. Fig. 4(b) presents a scanning capacitance microscopy (SCM) image of the counter-doped CLC poly-Ge film for the central, transition, and edge regions. In the central and transition regions, the counter-doped CLC 546 VOLUME 7, 2019
poly-Ge film was successfully converted to an n-type film. This indicated that the full and partial melting states in the Ge during CLC effectively reduced the defect-generated hole concentration in the CLC poly-Ge film. Thus, the CD process was sufficient to convert the CLC poly-Ge film to an n-type film for the fabrication of p-channel polyGe TFTs. However, the counter-doped CLC poly-Ge film still exhibited p-type behavior in the edge region. This indicated that the SPC poly-Ge film was still defect-rich, and the resulting high hole concentration exhibited high electrical conductivity [27] - [29] . This issue would cause severe device degradation with a high leakage current, making it difficult to implement p-channel poly-Ge TFTs with such materials [29] , [30] . Fig. 5(a) presents the hole mobility and hole concentration extracted from Hall effect measurements of undoped CLC poly-Ge film with three crystallization regions and undoped as-deposited Ge film. The CLC poly-Ge film and as-deposited Ge film without any doping process exhibit ptype behavior due to the hole concentration generating from defects in poly-Ge films [27] - [29] . It was first observed that exceedingly high hole concentration of 1.32 × 10 19 cm −3 and the lowest hole mobility of 6.3 cm 2 /V-s were exhibited for the as-deposited Ge film. These revealed that as-deposited Ge film was defect-rich. In addition, for the CLC poly-Ge films, the edge region also showed an exceedingly high hole concentration of 5.72 × 10 18 cm −3 and a low hole mobility of 20.9 cm 2 /V-s. These revealed that the SPC mechanism during CLC inefficiently reduced the density of defects in the poly-Ge films. In contrast, the hole concentration significantly decreased and the hole mobility notably increased in the central and transition regions. Moreover, the lowest hole concentration of 6.41 × 10 16 cm −3 and the highest hole mobility of 226.6 cm 2 /V-s were reached in the central region at the highest laser energy. These indicated that the melting and solidification process during CLC effectively reduced the density of defects in the poly-Ge films. As can be seen, the trend in defect-generated hole concentrations with increasing laser energy can be attributed to the evolution of grain structures. This pointed out that low hole concentration and high hole mobility could be achieved for the high-quality CLC poly-Ge film with large grains. Fig. 5(b) presents the type and concentration of majority carrier extracted from Hall effect measurements of undoped poly-Ge and counter-doped poly-Ge at different doses for the central region, transition region, edge region, and the as-deposited Ge. As can be seen, all regions in the counter-doped poly-Ge at a dose of 5 × 10 12 cm −2 still showed p-type behavior, although their hole concentrations could be lower than the undoped ones for each regions. This indicated the higher CD dose was required to convert the central and transition regions with superior crystallinity into n-type film. For the counter-doped poly-Ge at a dose of 1 × 10 13 cm −2 and 5 × 10 13 cm −2 , the counter-doped poly-Ge still showed p-type behavior for the edge region and as-deposited Ge, while those in the central and transition regions could be converted to n-type film. Furthermore, the central and transition regions could be converted to n-type film with relatively low electron concentrations of 2.98 × 10 17 and 7.07 × 10 16 cm −3 via CD at a dose of 1 × 10 13 cm −2 , respectively. These results showed that the types of the counter-doped CLC poly-Ge film was consistent with the type behavior of the SCM image, as shown in Fig. 4(b) . As mentioned above, the suitable CD dose of 1 × 10 13 cm −2 was the threshold dose for central and transition regions to convert the carrier type. Consequently, the suitable CD dose of 1 × 10 13 cm −2 was selected as the CD process for realizing p-channel poly-Ge TFTs. Fig. 6(a) shows the transfer characteristics at V DS = −0.1 V of the p-channel poly-Ge TFTs with W eff /L=1.4/1.0 µm in the central, transition, and edge regions. In the edge region, the p-channel poly-Ge TFTs VOLUME 7, 2019 547 showed poor electrical characteristics with an on/off current ratio (I ON /I OFF ) of only 2.1, which were similar to the ratio of a resistor. This can be attributed to the extremely high hole concentration with high electrical conductivity in the edge region. Thus, it would be impossible to convert a counter-doped CLC poly-Ge film into an n-type film. However, in the central and transition regions, the p-channel poly-Ge TFTs exhibited typical inversion-mode transistor characteristics with significantly reduced leakage currents and thereby high I ON /I OFF of 10 3 to 10 4 . This can be ascribed to the fact that the defect-generated hole concentration of CLC poly-Ge film effectively reduced after CLC. Thus, the counter-doped CLC poly-Ge films were successfully converted to n-type films. Thus, the p-channel poly-Ge TFTs in the central region exhibited superior μ FE owing to the few potential barrier at grain boundaries in the channel region, which would have obstructed the carrier transport [31] . In addition, the higher I ON /I OFF of p-channel poly-Ge TFTs in the central region resulted from both the higher on-state driving current due to higher μ FE and the lower off-state leakage current. In general, the small band gap of Ge (E G = 0.66 eV) can give rise to the significant tunneling effect arising from the high electric field formed near the drain junction, such as trap-assisted tunneling (TAT) and band-to-band tunneling (BTBT) [13] , [32] , [33] . Thus, the lower off-state leakage current can be attributed to the small contribution of TAT and BTBT since the few trap states located at the grain boundaries near the drain junction can be obtained for central region with large grains [34] .
Figs. 7(a) and (b) respectively show the distribution of μ FE and I ON /I OFF of the p-channel poly-Ge TFTs in the central, transition, and edge regions. 20 p-channel poly-Ge TFTs of each region were measured for statistics. Among these three regions, the p-channel poly-Ge TFTs in the edge region showed the worst electrical characteristics with lowest μ FE and I ON /I OFF , which were similar to the behavior of a resistor. This result can be attributed to that the counter-doped CLC poly-Ge films still exhibited high hole concentrations (i.e., p-type behavior) with high electrical conductivity. In contrast, the optimal results were achieved for the p-channel poly-Ge TFTs in the central region, which exhibited the highest μ FE (from 506.7 to 976.9 cm 2 /V-s) and highest I ON /I OFF (from 1.86 × 10 3 to 3.45 × 10 3 ). This indicated that the CLC poly-Ge films successfully converted to n-type films through CD process. Furthermore, the n-type CLC poly-Ge films had the largest grain size in there central regions. Consequently, typical inversion-mode electrical characteristics with superior μ FE and I ON /I OFF were realized.
The p-channel poly-Ge TFTs in the central region with superior μ FE required to further investigate the material property of Ge channel region. Fig. 8(a) shows the SEM image of the central region after Secco etching and the schematic location of the p-channel poly-Ge TFT with W/L=1/1 µm. As can be seen, the grain width of the central region is approximately 2 μm. Therefore, the channel region of p-channel poly-Ge TFT with W/L=1/1 µm was possibly located inside a single Ge grain. Furthermore, Fig. 8(b) presents the cross-sectional TEM image along the gate direction of the p-channel poly-Ge TFT with W eff = 1.4 µm in the central region. There was no grain boundary observed inside the Ge channel. Moreover, the clear selective-area electron 548 VOLUME 7, 2019 
IV. CONCLUSION
In summary, the effects of crystallinity on the electrical characteristics of p-channel poly-Ge TFTs were demonstrated through CLC and CD. During CLC with a Gaussiandistribution beam profile, poly-Ge films were divided into central, transition, and edge regions. The grain sizes of the CLC poly-Ge films in the central, transition, and edge regions were approximately 2 µm, 680 nm, and 90 nm, respectively. As can be seen, the central region had the largest grain size in their CLC poly-Ge films. Thus, the defect-generated hole concentration of the central region effectively reduced after CLC. Furthermore, the CLC polyGe films were successfully converted to n-type films via the CD process with a suitable dose of 1 × 10 13 cm −2 . These films could be used to realize high-performance p-channel poly-Ge TFTs with a superior μ FE of 792.2 cm 2 /V-s. This study demonstrates the potential of the proposed p-channel poly-Ge TFTs for future applications in novel transistors and 3D ICs.
